1. Introduction {#s0005}
===============

Autism is a relatively common ([@bb0030; @bb0055]), early-onset ([@bb0320]) syndrome characterized by impairments in communication, social interaction and behavioral flexibility ([@bb0295]). Children who meet full criteria for Autistic Disorder ([@bb0025]) show clearly abnormal socio-communicative development within the first 3 years of life, and over 50% will also fulfill diagnostic criteria for mental retardation \[referred to as intellectual disability (ID) below\] ([@bb0060]). This severe, paradigmatic autism phenotype, first formally described over 65 years ago ([@bb0145]), is now considered to be part of a range of autistic presentations (including Asperger Disorder and Pervasive Developmental Disorder Not Otherwise Specified) that vary in severity and are collectively referred to as Autism Spectrum Disorder (ASD).

Although it is clear that genetic risks ([@bb0005]) and early disruptions of brain development ([@bb0020]) play central roles in ASD pathogeneses, it has been hard to establish firm links between specific risk factors and markers of aberrant neurodevelopment in ASD. One way forward may be to better leverage recent insights regarding the biological architecture of typical brain development, when seeking to delineate aspects of disrupted brain development for closer study in ASD. For example, to date, structural neuroimaging studies of the cortical sheet in young children with autism have largely used volume-based approaches, and focused on measurement of global or lobar cortical anatomy ([@bb0045; @bb0080; @bb0115; @bb0120; @bb0275]). However, it is now clear from studies of typically developing populations that cortical volume (CV) can be fractionated into biologically distinct morphometric sub-components ([@bb0245]), that are differentially impacted by genetic ([@bb0220]) and environmental ([@bb0350]) factors in a regionally specific manner. The capacity to tease apart such biologically informative, non-volumetric aspects of cortical anatomy at high spatial-resolution has largely arisen through the advent of tools for Surface Based Cortical Morphometry (SBM) ([@bb0105; @bb0195]) from structural Magnetic Resonance Imaging (sMRI) data. Our current study represents the first application of SBM to characterize disruptions of cortical anatomy in preschool aged children with an ASD.

The early developmental period spanned by our study is particularly important for models of autism biology because it captures the time when typically developing individuals are undergoing profound neuro-behavioral change ([@bb0330; @bb0155]), and when the symptoms of autism are clearly manifested in most affected individuals ([@bb0290]). Neurostructural alterations already apparent in young children with ASD may also better index primary disease processes than disruptions of brain anatomy charted in older populations; the latter being more prone to inclusion of secondary neuroanatomical alterations reflecting consequences of having an ASD on brain structure ([@bb0345]). The challenges of gathering high-quality neuroimaging data from preschool aged children have however proven to be a significant obstacle, particularly for groups with ASD. To date, reports are available for three independent single-site cohorts ([@bb0045; @bb0120; @bb0275]), and two composite cohorts ([@bb0100; @bb0125]). These pioneering studies have shed light on altered brain anatomy in ASD during early childhood, but fail to reach consensus on several fundamental issues including: the developmental stability of brain volume differences between individuals with ASD and typically developing controls (TDCs) \[stable differences ([@bb0120]), vs age-dependent differences ([@bb0275])\]; the presence of significant differences in total brain volume (TBV) between individuals with ASD and TDCs once age-effects have been taken into account \[presence ([@bb0080]) vs. absence ([@bb0045; @bb0115; @bb0120]) of differences\]; and which sub-divisions within the brain exhibit volume alterations in ASD \[fronto-temporal only ([@bb0275]) vs all lobes ([@bb0120])\]. These inconsistent findings regarding global and lobar measures of brain anatomy are accompanied by the absence of any spatially fine-grained surface-based analyses of brain anatomy in young children with ASD.

The current study had three main objectives. First, we sought to re-visit the question of whether young children with ASD (specifically diagnosed with Autistic Disorder) show global and lobar abnormalities of total brain volume, within a fourth ([@bb0045; @bb0120; @bb0275]) independently recruited single-site clinical cohort. Second, with the aim of distinguishing separate morphometric components of cortical development that could be differentially impacted by ASD, we sought to decompose CV into cortical thickness (CT) and surface area (SA). This fractionation of CV builds on a recent report that CV dysmaturation in adolescents and older adults with ASD is driven by CT rather than SA ([@bb0250]). To date, the only study to have tested for dissociable abnormalities of CT and SA in young children with ASD inferred SA from measures of CV and CT ([@bb0120]). In the current study, we use SBM to directly measure CV, CT and SA.

The third, and perhaps most critical objective of our study was to provide the first spatially fine-grained SBM analysis of cortical anatomy in young children with autism. All but one ([@bb0125]) of the existing studies in this age range only assayed regional cortical anatomy using classical lobar boundaries ([@bb0050; @bb0115; @bb0120; @bb0275]). Therefore, using a well-validated ([@bb0140; @bb0195; @bb0285]) SBM method to fine-map CT and SA across the cortical sheet, we tested the hypothesis that regions of the cortex previously reported as structurally abnormal in older groups with ASD ([@bb0065; @bb0090; @bb0110; @bb0250]) (see [Fig. 1](#f0005){ref-type="fig"}), and known to be crucial for social cognition ([@bb0015]), language ([@bb0225]), and behavioral control ([@bb0160; @bb0165]), would already show focal disruption at the early ages evaluated in our study. These regions include (but are not limited to) inferior frontal gyrus, medial prefrontal cortex, superior temporal sulcus, middle temporal gyrus, fusiform gyrus, and inferior parietal lobule. We were particularly interested in whether focal disruptions of cortical anatomy in autism during early childhood would be better captured by CT or SA.

Since several existing reports suggest that anatomical differences between groups with ASD and controls may vary with age ([@bb0050; @bb0200; @bb0250; @bb0300]), we directly examined whether anatomical differences between children with autism and TDCs were modulated by age.

2. Materials and methods {#s0010}
========================

2.1. Participants {#s0015}
-----------------

All 95 participants were male and aged between 2 and 5 years of age. Sixty-six participants fulfilled DSM-IV diagnostic criteria for Autistic Disorder (AUT), and 29 were typically developing controls (TDCs). Initially, children diagnosed with autism or referred with concerns of a possible autism diagnosis were screened for participation, after responding to recruitment materials placed in the community (e.g. pediatricians\' offices and early intervention providers). The presence of Autistic Disorder was then established by doctoral level clinicians after research-reliable administrations of the Autism Diagnosis Interview-Revised ([@bb0185]) (or a Toddler version), the Autism Diagnostic Observation Schedule \[ADOS ([@bb0175])\], and clinical judgment. None of the participants had defined genetic disorders associated with an increased risk for ASD (e.g. Tuberous Sclerosis, Fragile X, Smith--Magenis syndrome), as determined by clinical assessment, karyotyping Fragile X testing, and CGH microarray testing. Other exclusionary criteria were a diagnosis of cerebral palsy or other neurological conditions that would prevent study procedure completion. Recruitment of TDCs was through advertisement in the local community and inclusion required cognitive scores higher than 1.5 standard deviations below standardized test means. Exclusionary criteria for TDCs included a first-degree relative with ASD, a history of extremely low birth-weight, or a history of receiving special education services/early intervention prior to study enrollment. Screening for TDCs included cognitive testing, as well as administration of the ADOS ([@bb0175]), Social Communication Questionnaire ([@bb0325]) and Child Behavior Checklist ([@bb0010]).

Developmental quotients \[full (DQ), verbal (VDQ) and nonverbal (NVDQ)\] were measured for all participants using either the Mullen Scales of Early Learning ([@bb0340]) or the Differential Ability Scales (2nd edition) ([@bb0335]). Due to floor effects on tests, Developmental Quotient (DQ\'s), based on age equivalent divided by chronological age multiplied by 100, were used to fully characterize individual variation. Since two TDC participants had DQs greater than 130, we tested for and confirmed robustness of our findings by removal of these two individuals.

In all cases, written informed consent was obtained from the participant\'s parent(s). The study was approved by an NIH Institutional Review Board.

2.2. Neuroimaging {#s0020}
-----------------

The neuroimaging methods used in this study have been previously described ([@bb0170; @bb0245; @bb0285]) and are fully detailed in Supplementary Texts 1 and 2. Briefly, all scans were T-1 weighted images with contiguous 1.5 mm axial slices, obtained on the same 1.5-T General Electric (Milwaukee, WI) Signa scanner using a 3D spoiled gradient recalled echo sequence. Given the difficulty of obtaining high-quality neuroimaging data in young children with autism, we scanned children with autism under sedation using propofol. Sedation was performed at the NIH by board-certified anesthesiologists following a strict clinical protocol. Typically developing controls were scanned during natural sleep at nighttime (with repeat scans taken in the event of excess movement). Native sMRI scans were then submitted to the CIVET pipeline for automated morphometric analysis. This pipeline generates (i) estimates of total gray matter volume (GMV), total white matter volume (WMV) and cerebro-spinal fluid (CSF) using a validated neural net approach to voxel classification ([@bb0070; @bb0315]), (ii) global and lobar estimates of total CV, total SA and mean CT by registration of all cortical surfaces to a manually labeled surface group template, and propagation of labels from the template to each individual surface ([@bb0130]), and (iii) "vertex-based" estimates of CT and SA at \~ 80,000 points on the cortical sheet by modeling gray/white and pial cortical surfaces for each scan using a deformable-mesh approach ([@bb0195]). Vertex CT was calculated as the distance between homologous vertices in pial and gray/white surfaces ([@bb0195]), and vertex SA as the total area of all six triangles surrounding each vertex on a tessellated intermediate surface mesh between pial and gray/white surfaces ([@bb0135]). Vertex SA is dependent on the spatial distribution of vertices in the tessellated mesh defining a given the cortical surface. However, the potential for group differences in cortical shape to generate mesh-dependent biases in vertex SA is minimized by all cortical surfaces being resampled with a common mesh in spherical template space before reversing registration for each scan so that vertex SA measures are taken in native space ([@bb0190]). While the resampling algorithm applied in spherical template space is non-conservative, group-differences in the area of facets surrounding each vertex still provide a meaningful index of relative SA expansion/contraction at each vertex. Vertex-based group analyses were conducted using on smoothed native CT and SA values in spherical template space. All scans included in analyses passed rigorous quality assessment and control of CIVET output for errors in skull removal and definition of cortical surfaces. [Supplementary Fig. 1](#f0015){ref-type="fig"} provides an example of CIVET output as generated for a scan within our study.

The neuroimaging methods used in this study have been previously described ([@bb0170; @bb0245; @bb0285]) and are fully detailed in Supplementary Texts 1 and 2. Briefly, all scans were T-1 weighted images with contiguous 1.5 mm axial slices, obtained on the same 1.5-T General Electric (Milwaukee, WI) Signa scanner using a 3D spoiled gradient recalled echo sequence. Given the difficulty of obtaining high-quality neuroimaging data in young children with autism, we scanned children with autism under sedation using propofol. Sedation was performed at the NIH by board-certified anesthesiologists following a strict clinical protocol. Typically developing controls were scanned during natural sleep at nighttime (with repeat scans taken in the event of excess movement). Native sMRI scans were then submitted to the CIVET pipeline for automated morphometric analysis. This pipeline generates (i) estimates of total gray matter volume (GMV), total white matter volume (WMV) and cerebro-spinal fluid (CSF) using a validated neural net approach to voxel classification ([@bb0070; @bb0315]), (ii) global and lobar estimates of total CV, total SA and mean CT by registration of all cortical surfaces to a manually labeled surface group template, and propagation of labels from the template to each individual surface ([@bb0130]), and (iii) "vertex-based" estimates of CT and SA at \~ 80,000 points on the cortical sheet by modeling gray/white and pial cortical surfaces for each scan using a deformable-mesh approach ([@bb0195]). Vertex CT was calculated as the distance between homologous vertices in pial and gray/white surfaces ([@bb0195]), and vertex SA as the total area of all six triangles surrounding each vertex on a tessellated intermediate surface mesh between pial and gray/white surfaces ([@bb0135]). Vertex SA is dependent on the spatial distribution of vertices in the tessellated mesh defining a given the cortical surface. However, the potential for group differences in cortical shape to generate mesh-dependent biases in vertex SA is minimized by all cortical surfaces being resampled with a common mesh in spherical template space before reversing registration for each scan so that vertex SA measures are taken in native space ([@bb0190]). While the resampling algorithm applied in spherical template space is non-conservative, group-differences in the area of facets surrounding each vertex still provide a meaningful index of relative SA expansion/contraction at each vertex. Vertex-based group analyses were conducted using on smoothed native CT and SA values in spherical template space. All scans included in analyses passed rigorous quality assessment and control of CIVET output for errors in skull removal and definition of cortical surfaces. Supplementary Fig. 1 provides an example of CIVET output as generated for a scan within our study.

2.3. Statistical analysis {#s0025}
-------------------------

We examined anatomical indices in three stages: (1) gross global measures of anatomy---TBV, total tissue volume (TTV---the sum of GMV and WMV), total GMV, and total WMV, (2) global and lobar measures of cortical anatomy---CV, CT and SA, (3) vertex-based CT and SA measures. Age was modeled in a linear fashion as preliminary analyses failed to identify statistically significant higher-order (e.g. quadratic) age-effects on anatomy. In the absence of statistically significant interactions between linear age and diagnostic group for any of the anatomical measures examined, we moved to a simpler model that included only the main effects of age and diagnosis:$$\text{Anatomy} = \text{Intercept} + ß_{1}\left( \text{Age} \right) + ß_{2}\left( \text{Group} \right)\text{.}$$

For global anatomical indices, statistical significance of the ß~2~ term in model [(1)](#fo0005){ref-type="disp-formula"} above was determined using a p = 0.05 threshold, and for lobar analyses, a Bonferroni-corrected p value threshold of p = 0.015 was applied (0.05/4). For vertex-based analyses, the same ß~2~ term was mapped across the cortical sheet after application of a False Discovery Rate correction for multiple comparisons with q (the expected proportion of falsely rejected null hypotheses) set at 0.05 (see [Fig. 2](#f0010){ref-type="fig"}). We also generated unthresholded maps of the ß~2~ term t-statistic for vertex-based CT and SA analyses (see [Supplementary Figs. 2 and 3](#f0020 f0025){ref-type="fig"} respectively).

For global anatomical indices, statistical significance of the ß~2~ term in model [(1)](#fo0005){ref-type="disp-formula"} above was determined using a p = 0.05 threshold, and for lobar analyses, a Bonferroni-corrected p value threshold of p = 0.015 was applied (0.05/4). For vertex-based analyses, the same ß~2~ term was mapped across the cortical sheet after application of a False Discovery Rate correction for multiple comparisons with q (the expected proportion of falsely rejected null hypotheses) set at 0.05 (see [Fig. 2](#f0010){ref-type="fig"}). We also generated unthresholded maps of the ß~2~ term t-statistic for vertex-based CT and SA analyses (see Supplementary Figs. 2 and 3 respectively).

Global anatomical indices were not included as covariates in lobar or vertex-based analyses because they did not differ significantly between groups (see below), and are known to show complex non-linear relationships with most SBM metrics ([@bb0130]).

3. Results {#s0030}
==========

3.1. Participant characteristics {#s0035}
--------------------------------

Participant characteristics are summarized in [Table 1](#t0005){ref-type="table"}. There were no significant group differences in age, ethnicity, or socioeconomic status (SES). As expected, mean DQ, VDQ and NVDQ were all significantly lower in children with Autistic Disorder than in TDCs, and ADOS severity scores were significantly higher.

We were unable to detect a statistically significant interaction between age and group for any of the anatomical indices examined. The following sections therefore describe group differences in anatomy with age included as a covariate of main effect.

3.2. Global volumes {#s0040}
-------------------

We did not identify statistically significant differences in TBV, TTV, total WMV or total GMV between AUT and TDC groups (see [Table 2](#t0010){ref-type="table"}).

3.3. Global and lobar cortical measures {#s0045}
---------------------------------------

We did not identify statistically significant group-differences in total CV, mean CT or total SA (see [Table 2](#t0010){ref-type="table"}). Analyses of lobar metrics identified a trend towards increased bilateral frontal CT in the AUT relative to TDC group however, although this did not survive Bonferroni correction for multiple comparisons (t = 2.1, p = 0.04).

3.4. Vertex-level cortical thickness and surface area {#s0050}
-----------------------------------------------------

These analyses revealed a largely bilateral set of cortical regions where CT was significantly greater in the AUT group than TDCs after False Discovery Rate (FDR) correction for multiple comparisons. These regions included bilateral superior frontal gyrus (lateral and medial aspects, with extension into ventromedial and rostral prefrontal cortex in the left hemisphere) and superior temporal sulcus, as well as left inferior frontal gyrus (ventrolateral prefrontal cortex) and right intraparietal sulcus \[see [Fig. 2](#f0010){ref-type="fig"} (thresholded), [Supplementary Fig. 2](#f0020){ref-type="fig"} (unthresholded), and [Table 3](#t0015){ref-type="table"}\]. In contrast, vertex-based analyses of SA did not identify statistically significant group-differences that survived FDR correction for multiple comparisons. Regional trends towards greater SA in the AUT group relative to TDCs did however emerge at a nominal threshold of p ≤ 0.05. These did not overlap with regions of significant CT difference between groups, and fell within the bilateral superior temporal gyrus, bilateral temporo-occipital junction, and right superior parietal lobule \[[Supplementary Figs. 3](#f0025){ref-type="fig"}A (thresholded) and [3](#f0025){ref-type="fig"}B (unthresholded)\].

These analyses revealed a largely bilateral set of cortical regions where CT was significantly greater in the AUT group than TDCs after False Discovery Rate (FDR) correction for multiple comparisons. These regions included bilateral superior frontal gyrus (lateral and medial aspects, with extension into ventromedial and rostral prefrontal cortex in the left hemisphere) and superior temporal sulcus, as well as left inferior frontal gyrus (ventrolateral prefrontal cortex) and right intraparietal sulcus \[see [Fig. 2](#f0010){ref-type="fig"} (thresholded), Supplementary Fig. 2 (unthresholded), and [Table 3](#t0015){ref-type="table"}\]. In contrast, vertex-based analyses of SA did not identify statistically significant group-differences that survived FDR correction for multiple comparisons. Regional trends towards greater SA in the AUT group relative to TDCs did however emerge at a nominal threshold of p ≤ 0.05. These did not overlap with regions of significant CT difference between groups, and fell within the bilateral superior temporal gyrus, bilateral temporo-occipital junction, and right superior parietal lobule \[Supplementary Figs. 3A (thresholded) and 3B (unthresholded)\].

In light of the potential for non-normality of vertex-based SA data ([@bb0310]), we tested for, and confirmed, robustness of our vertex-based SA results to log transformation of vertex-SA.

4. Discussion {#s0055}
=============

4.1. Summary of main findings {#s0060}
-----------------------------

Within our pre-school aged sample, there was no evidence for increased TBV in children with autism relative to TDCs, and this lack of a significant volumetric group difference held for WMV, GMV and CV. Global SBM-derived measures of CT and SA also failed to show statistically significant group-differences, although lobar analyses suggested a trend towards increased frontal CT in children with autism relative to TDCs. Moving beyond global and lobar indices revealed a clear pattern of focal anatomical disruption in preschool aged children with autism however. Children with autism showed CT excesses relative to TDCs within a set of cortical regions that are not only known to be important for social cognition ([@bb0015]), language ([@bb0225]), and behavioral control ([@bb0160; @bb0165]), but have also shown structural and functional alterations in older ASD populations ([@bb0020]). In contrast we did not detect statistically significant group differences in regional SA.

4.2. Global volumes {#s0065}
-------------------

To help better contextualize our volumetric results, [Table 4](#t0020){ref-type="table"} summarizes the findings of all existing single-site sMRI studies that have examined comparable anatomical indices in young children with an ASD and TDCs.

Integration of our findings with earlier work strengthens the notion that children with autism do not show age-related alterations of TBV, WMV or GMV relative to TDCs during the preschool age-range ([@bb0115; @bb0120]). The absence of age-invariant group-differences in WMV within our sample also converges with all prior investigations of this phenomenon during the preschool age range ([@bb0115; @bb0120]). There is less agreement across studies regarding the presence of fixed TBV and GMV abnormalities in young children with ASD relative to TDCs however, which may reflect true neuroanatomical heterogeneity in ASD, or methodological differences between studies. Although no obvious methodological characteristics co-segregate with the presence ([@bb0080; @bb0120]) or absence \[current study and ([@bb0115])\] of significant TBV differences between young children with an ASD relative to TDCs it is notable that all "positive" GMV studies have considered children with an ASD ([@bb0045; @bb0120]), whereas all "negative" GMV studies have focused on more narrowly defined Autistic Disorder \[current report and ([@bb0115])\]. This raises the testable hypothesis that some aspect of the behaviorally-defined boundary between Autistic Disorder and other ASDs may be relevant for GMV heterogeneity within the autism spectrum.

4.3. Global and lobar cortical measures {#s0070}
---------------------------------------

Of the anatomical phenotypes examined in our study, most prior information is available for CV. Two independent single-site cohorts other than our own have examined CV in preschool aged children with an ASD and TDCs \[University of California, San Diego ([@bb0275]), and University of North Carolina ([@bb0115; @bb0120])\]. The latest studies from these two cohorts have used longitudinal methodology to directly measure within-group CV change ([@bb0120; @bb0275]), but describe different patterns of CV dysmaturation in children with ASD relative to TDCs, which are in turn each dissimilar from prior cross-sectional findings within the same cohorts ([@bb0080; @bb0115]) (see Table 5). The inconsistency of earlier findings regarding total CV, together with the lack of any significant group-differences in total CV within our current cohort underlines the challenges faced in seeking to clarify if and how global volumetric measures of brain anatomy are disrupted in ASD during early childhood.

The absence of significant group-differences in global CV within our study was accompanied by negative findings for mean CT and total SA. At a lobar level of analysis however, we found evidence for a trend towards greater frontal CT in children with autism relative to TDCs. Our SBM findings differ from the only existing study of CT and SA in young children with autism, which found CV excesses in autism to be driven by SA rather than CT ([@bb0120]). Direct comparison between studies is complicated however by fundamental differences in the techniques used to derive measures of the cortical sheet \[e.g. volume-based ([@bb0120]) vs. surface-based measurement of CT (see Supplementary Texts 1 and 2 for further details)\], and in the age and diagnostic composition of samples.

4.4. Vertex-level cortical thickness and surface area {#s0075}
-----------------------------------------------------

Measurements of global cortical properties may be fundamentally limited in their ability to provide replicable and mechanistically informative disease biomarkers if aberrant development in ASD is concentrated within specific neural systems. Our vertex-based results support this idea, as they indicate that even at relatively early ages, disruptions of cortical development in autism are localized in nature. Furthermore, CT appears to be a more sensitive marker of aberrant cortical anatomy in autism than SA. It will however be important to revisit differential involvement of CT and SA in ASD using newly-evolving approaches that seek to optimize registration and interpolation steps for the study of absolute local SA ([@bb0310]).

The cortical regions where we find CT abnormalities in preschool aged children with autism have (i) been linked to cognitive domains relevant to ASD by basic science studies in older children and adults ([@bb0015; @bb0160; @bb0165; @bb0225]), (ii) shown resting-state and language-related activational abnormalities in fMRI studies comparing preschool aged children with ASD and TDCs ([@bb0255; @bb0260]), and (iii) shown CT abnormalities across several independent SBM studies of older children, adolescents and adults with ASD ([@bb0065; @bb0090; @bb0110; @bb0200; @bb0250; @bb0300]). This convergence is most apparent for the IFG, IPL, STS and MTG; regions which are also notable for being simultaneously relevant to multiple cognitive neuroscience accounts of ASD including those emphasizing disruptions of language \[IFG, MTG, STS, IPL ([@bb0225])\], action-observation/execution and imitation \[IFG, STS, IPL ([@bb0265])\], and the perception of social stimuli \[STS ([@bb0015])\].

The regionally-specific and early-onset nature of CT alterations identified by our study has consequences for etiological models of autism. First, the early timing of these alterations serves to narrow the developmental window within which any hypothesized experience-dependent contributions towards regionally-specific "derailment" of cortical development in ASD would have to operate. Second, the specific regions that alterations were found in strengthens disease models in which genetic or early environmental risk factors for ASD perturb specific cortical systems destined to later process language and social stimuli. Thirdly, it suggests that future progress in the delineation of molecular and cellular processes underlying aberrant cortical development in ASD may be more rapid if energy is directed towards cellular and molecular processes of known relevance for CT (rather than SA) maturation. There is already some evidence that CT maturation is modulated by functional genetic variants within signaling pathways that have been implicated in ASD ([@bb0240; @bb0235]). Our understanding of dissociable anatomical alterations in ASD promises to be further refined as approaches for measuring and parsing the diverse range of anatomical phenotypes that can be discerned from the cerebral cortex via in-vivo sMRI continues to improve.

The findings of our study should be interpreted in light of several caveats and limitations. First, although comparable with other sMRI studies in young children with ASD ([@bb0115; @bb0120; @bb0275]), the number of participants included in our study is relatively small, and further studies of this age-range using larger samples will be important. Second, since our study is cross-sectional rather than longitudinal, inferences regarding age-related phenomena are not based on measures of intra-individual anatomical change and should be regarded as preliminary. However, our study design did allow us to carry out the first test for age-related alterations of CV, CT and SA in preschool aged children with an ASD using SBM methods of established reliability ([@bb0140; @bb0195; @bb0285]). Third, although we only used scans that were free of excess movement artifact as determined by visual inspection, it is conceivable that sub-threshold group-differences in head motion, arising from differential use of sedation across groups, could have exerted a systematic influence on morphometric analysis. Fourth, while our study provides information about biologically distinct components of the cortical sheet in autism, in-vivo sMRI studies of human brain anatomy are currently unable to provide information about the cellular underpinning of macroscopic anatomical variation. Fifth, our focus on males with Autistic Disorder, the majority of whom also had ID, limits generalizability of findings to females or autistic individuals without ID. These limitations were necessary in order to enhance internal validity of our findings by increasing sample homogeneity. Since sex robustly modifies brain anatomy ([@bb0170; @bb0240]) and risk for ASD ([@bb0035]), directly testing for sex-differences in the neural correlates of ASD may be a preferable strategy to co-varying for sex as a main effect in neuroimaging studies of ASD that use mixed sex-groups where males far outnumber females. With regard to ID, while prospective neuroimaging studies in high-risk groups are still being gathered, studies of ASD during early childhood will necessarily be biased towards earlier-presenting cases of ASD that tend to have more frank and severe symptoms ([@bb0280]). One response to this bias has been to use mixed groups of patients with idiopathic ID as controls with the objective of identifying anatomical correlates of ASD that exist "above and beyond" any ID ([@bb0120]). Our use of typically developing individuals as controls prevents testing for specificity of the identified anatomical alterations to autism rather than ID. However, motivation for distinguishing sMRI markers of ASD and ID in populations where both behavioral syndromes co-occur has waned as an increasing number of studies show that many of the best-established genetic risks for ([@bb0150]) ASD are also robustly associated with ID ([@bb0205]).

Despite these limitations our study reports results from a valuable new independent cohort of young children with autism, and uses SBM for the first time within this population to move beyond global and lobar measures of brain volume, and dissociate alterations of CT and SA at high-spatial resolution across the cortical sheet. We show that preschool aged children with ASD have significant CT (rather than SA) abnormalities within cortical systems crucial for the processing of language and social information. These findings provide (i) more refined intermediate phenotypes for future genetic studies in autism, and (ii) the first direct evidence that disease mechanisms in autism can already produce targeted disruption of cortical thickness by early childhood. Finally, establishing that cortical involvement in ASD shows pronounced regional heterogeneity, raises questions about the utility of continued focus on global and lobar aspects of cortical anatomy in ASD.

The following are the supplementary data related to this article.Supplementary material.Supplementary Fig. 1Example of CIVET output as generated for a 2.8 year old participant with autism in our study.Supplementary Fig. 2Unthresholded T-statistic vertex-maps for difference in cortical thickness (CT) between children with autism (AUT) and to typically developing controls (TDCs).Supplementary Fig. 3A) Vertex-map of regions showing regions of statistically significant surface area (SA) excess in children with autism (AUT) compared to typically developing controls (TDCs) at an uncorrected p ≤ 0.05 level of statistical significance. B) Unthresholded T-statistic vertex-maps for difference in surface area (SA) between children with autism (AUT) and to typically developing controls (TDCs).

Supplementary data to this article can be found online at [http://dx.doi.org/10.1016/j.nicl.2012.10.005](10.1016/j.nicl.2012.10.005).
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![Synthesis of findings from existing studies of cortical thickness differences between individuals with ASD and TDCs. Four ([@bb0110; @bb0250; @bb0270; @bb0300]) of the six ([@bb0065; @bb0200]) existing studies that compare cortical thickness (CT) between people with an ASD diagnosis and controls have used the same procedure for surface based cortical morphometry ([@bb0105]), which allows the findings of these studies to be integrated using the same nomenclature for cortical parcellation into gyral-based regions of interest ([@bb0085]). The number of times each gyral region has shown an abnormality in ASD compared to controls across these four studies is color coded for those regions that have shown abnormalities in at least two studies. Despite methodological differences between studies, there are clear convergences in reported patterns of CT abnormality (collapsing across reports of CT excess, deficit and age-related abnormalities). \[SFG---superior frontal gyrus, rostMFG---rostral middle frontal gyrus, IFG---inferior frontal gyrus, preC---precentral gyrus, postC---postcentral gyrus, spar---superior parietal lobule, iPL---inferior parietal lobule, bSTS---bank of the superior temporal sulcus, MTG---middle temporal gyrus, ITG---inferior temporal gyrus, FG---fusiform gyrus\].](gr1){#f0005}

![Vertex-map of regions showing regions of statistically significant cortical thickness (CT) excess in children with autism (AUT) compared to typically developing controls (TDCs). Colored regions denote areas of significant group differences in estimated CT. There were no regions where CT was significantly less in the AUT relative to TDC group. Statistical significance was determined by application of a False Discovery Correction for multiple comparisons with q (the expected proportion of falsely rejected null hypotheses) set a 0.05.](gr2){#f0010}

###### 

Participant characteristics. SES was assessed using the Hollingshead scale. Continuous and categorical demographic variables were compared between participants with autism and TDCs using t-tests and Chi-squared tests, respectively.

  Characteristic                   Autism      TDC          Group difference
  -------------------------------- ----------- ------------ -----------------------
  Number                           66          29           
  Age, years                                                n.s.
   Mean (s.d.)                     3.8 (1.0)   3.8 (1.1)    
   Range                           2.2--5.9    2.0--5.9     
  Race                                                      n.s.
   Caucasian                       44          21           
   Black                           13          5            
   Asian                           3           1            
   Mixed                           6           2            
  SES, mean (s.d.)                 54 (8.3)    57 (8.5)     t-1.4, p = 0.2
  ADOS severity, mean (s.d)        7.7 (1.5)   1.2 (0.4)    t = 22.4, p \< 0.0005
  Full Development Quotient (DQ)                            t = 12.9, p \< 0.0005
   Mean (s.d.)                     54 (17.5)   109 (12.8)   
   Range                           22--101     86--144      
  Verbal DQ                                                 t = 15.0, P \< 0.0005
   Mean (s.d.)                     44 (20.4)   109 (17.0)   
   Range                           12--96      83--151      
  Non-verbal DQ                                             t = 12.9, p \< 0.0005
   Mean (s.d.)                     63 (16.6)   109 (13.6)   
   Range                           32--109     81--148      

###### 

Global and lobar measures of anatomy in young children with autism (AUT) and typically developing controls (TDCs). Results are shown separately for global volumetric indices \[total brain volume (TBV), total tissue volume (TTV), total white matter volume (WMV) and total gray matter volume (GMV)\], and SBM measures of cortical anatomy \[cortical volume (CV), cortical thickness (CT) and surface area (SA)\]. Levene\'s test did not detect any statistically significant group differences in anatomical variance.

  Measure                 Volume, cm^3^, Mean (s.e.)   Comparison, AUT-TDC                                          
  ----------------------- ---------------------------- --------------------- --------------------- -------- ------- ------
  TBV (GMV + WMV + SCF)   1422 (21.9)                  1441 (14.8)           + 19                  1        0.8     0.5
  TTV (GMV + WMV)         1297 (20.9)                  1313 (14.1)           + 16                  1        0.7     0.5
  WMV                     412 (8.5)                    415 (5.7)             + 3                   0.5      0.3     0.8
  GMV                     885 (14.0)                   899 (9.5)             + 14                  1.5      0.8     0.4
                                                                                                                    
  Measure                 Volume, cm^3^, Mean (s.e.)   Comparison, AUT-TDC                                          
                                                                                                                    
  TDC                     AUT                          Difference, cm^3^     Difference, percent   t        p       
                                                                                                                    
  Global CV               658 (11.3)                   667 (7.7)             + 8.8                 1        0.7     0.5
  Frontal CV              243 (4.0)                    246 (2.7)             + 2.5                 1        0.5     0.6
  Temporal CV             209 (3.8)                    213 (2.6)             + 3.8                 2        0.9     0.4
  Parietal CV             128 (2.6)                    132 (1.7)             + 4.2                 3        1.4     0.2
  Occipital CV            77 (1.80)                    75 (1.2)              − 1.6                 − 2      − 0.8   0.4
                                                                                                                    
  Measure                 Thickness, mm, Mean (s.e.)   Comparison, AUT-TDC                                          
                                                                                                                    
  TDC                     AUT                          Difference, mm        Difference, percent   t        p       
                                                                                                                    
  Global CT               3.8 (0.03)                   3.9 (0.02)            + 0.06                1.5      1.6     0.1
  Frontal CT              4.0 (0.03)                   4.1 (0.02)            + 0.09                2        2.1     0.04
  Temporal CT             4.0 (0.03)                   4.1 (0.02)            + 0.04                1        1       0.3
  Parietal CT             3.6 (0.03)                   3.7 (0.03)            + 0.06                2        1.5     0.1
  Occipital CT            3.4 (0.04)                   3.4 (0.03)            + 0.01                \< 0.5   0.3     0.8
                                                                                                                    
  Measure                 Area, cm^2^, Mean (s.e.)     Comparison, AUT-TDC                                          
                                                                                                                    
  TDC                     AUT                          Difference, cm^2^     Difference, percent   t        p       
                                                                                                                    
  Global SA               187 (2.5)                    188 (1.7)             + 1                   \< 0.5   0.3     0.8
  Frontal SA              71 (1.0)                     71 (0.7)              − 0.3                 \< 0.5   − 0.2   0.8
  Temporal SA             48 (0.7)                     49 (0.5)              + 0.6                 \< 0.5   1.1     0.3
  Parietal SA             44 (0.7)                     44 (0.5)              + 0.2                 \< 0.5   0.2     0.8
  Occipital SA            24 (0.5)                     24 (0.3)              + 0.03                \< 0.5   0.1     0.9

###### 

Regional cortical thickness (CT) excesses in young children with autism (AUT) relative to typically developing controls (TDCs).

  Peak vertex                                                                            MNI co-ordinate, x,y,z   Brodmann area   Cortical thickness, mm, mean (s.e.m.)   Group difference              
  -------------------------------------------------------------------------------------- ------------------------ --------------- --------------------------------------- ------------------ ---- ----- ----------
  *Left*                                                                                                                                                                                                
  Superior frontal gyrus (extending into rostral prefrontal and medial frontal cortex)   − 13, 65, 21             10              3.9 (0.07)                              4.3 (0.05)         10   5.1   0.000002
  Superior temporal suicus (extending into middle temporal cortex)                       − 48, − 38, 2            41              3.9 (0.04)                              4.1 (0.03)         8    3.8   0.0003
                                                                                                                                                                                                        
  *Right*                                                                                                                                                                                               
  Superior frontal gyrus (extending into medial frontal cortex)                          9, 62, 27                10              3.9 (0.08)                              4.2 (0.06)         8    3.9   0.0002
  Middle frontal gyrus (extending into inferior frontal gyrus)                           39, 55, − 2              10              3.8 (0.06)                              4.0 (0.04)         5    3.3   0.001
  Superior temporal sulcus (extending into middle temporal cortex)                       59, − 26, 1              41              4.0 (0.04)                              4.2 (0.03)         5    3.5   0.0007
  Rostral intraparietal sulcus                                                           32, − 62, 53             7               3.3 (0.05)                              3.6 (0.04)         9    4     0.0001

###### 

Summary of existing reports for the global volumetric indices in children with autism (or ASD) and typically developing controls. This table only considers reports for those anatomical indices examined in our study. The single-site studies included in this table originate from one of two centers: University of California, San Diego, USA (UCSD), University of North Carolina, USA (UNC), and University of Pisa, Italy (UP).

  Center     First Author   Year              Design                                Cases                                 Controls   Measure   Finding                                                                                                                                                                                                       
  ---------- -------------- ----------------- ------------------------------------- ------------------------------------- ---------- --------- --------- ------------------------------------- ------------------------------------- ----- -------- -------- ------------------------------ ---------------------------------------------------------------- ---------------------------------------------------------------
  UCSD       Courchesne     2001              Cross sectional                       30[a](#tf0005){ref-type="table-fn"}   AUT        Mixed     M         2--4                                  12[a](#tf0005){ref-type="table-fn"}   TDC   M        2--4     TBV                            AUT \> TDC                                                       Significant group difference over larger 2--16 year age range
                                                                                                                                                                                                                                                    CV       AUT \> TDC                     Significant group differences over larger 2--16 year age range   
  Schumann   2011           Longitudinal      41                                    AUT                                   Mixed      M,F       1.5--5    44                                    TDC                                   M,F   1.5--5   CV       No significant difference      Less curvilinear CV increase in AUT than TDC group               
                            Longitudinal      32                                    AUT                                   Mixed      M         1.5--5    32                                    TDC                                   M     1.5--5   CV       No significant difference      No significant difference                                        
                            Cross Sectional   41                                    AUT                                   Mixed      M,F       1.5--4    44                                    TDC                                   M,F   1.5--4   CV       AUT \> TDC                     Not examined                                                     
  UNC        Hazlett        2005              Cross Sectional                       51                                    AUT        Mixed     M,F       1.5--3                                14[b](#tf0010){ref-type="table-fn"}   TDC   M,F      1.5--3   TBV                            No significant difference                                        No significant group difference
                                                                                                                                                                                                                                                    GMV      No significant difference      No significant group difference                                  
                                                                                                                                                                                                                                                    WMV      No significant difference      No significant group difference                                  
                                                                                                                                                                                                                                                             AUT \> TDC trend at p = 0.09                                                                    
                                                                                                                                                                                                                                                    CV       No significant difference      No significant group difference                                  
                                                                                                                                                                                                                                                             AUT \> TDC trend at p = 0.1                                                                     
  Hazlett    2011           Longitudinal      59[c](#tf0015){ref-type="table-fn"}   ASD                                   Mixed      M,F       1.5--5    26[c](#tf0015){ref-type="table-fn"}   TDC                                   M,F   1.5--5   TBV      ASD \> TDC                     No significant group difference                                  
                                                                                                                                                                                                                                                    GMV      ASD \> TDC                     No significant group difference                                  
                                                                                                                                                                                                                                                    WMV      No significant difference      No significant group difference                                  
                                                                                                                                                                                                                                                             AUT \> TDC trend at p = 0.09                                                                    
                                                                                                                                                                                                                                                    CV       AUT \> TDC                     No significant group difference                                  
  UP         Calderoni      2012              Cross-sectional                       19                                    ASD        No ID     F         2--7                                  19                                    TDC   F        2--7     GMV                            ASD \> TDC                                                       Not examined
                                                                                                                                                                                                                                                    WMV      No significant difference      Not examined                                                     
  NIH        Raznahan       2012              Cross-sectional                       66                                    AUT        Mixed     M         2--5                                  29                                    TDC   M        2--5     TBV                            No significant difference                                        No significant group difference
                                                                                                                                                                                                                                                    GMV      No significant difference      No significant group difference                                  
                                                                                                                                                                                                                                                    WMV      No significant difference      No significant group difference                                  
                                                                                                                                                                                                                                                    CV       No significant difference      No significant group difference                                  

Sample size for a sub-group of participants that was defined by study authors and best overlaps with the age-range examined in our report.

Sample size of typically developing controls.

Sample size at first time-point.
